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Glass Formability and Diffusion Mechanisms in Bulk Metallic Glasses and Supercooled liquids
ABSTRACT

Three properties of bulk metallic glasses were investigated: (1) atomic motions; (2) characteristics of bonding and electronic states; (3)
fracture. Atomic motion in glassy PANiCuP was investigated by NMR over a wide temperature range from below the glass transition
temperature Tg to above the liquidus temperature Tliq. This study reveals the temperature in the supercooled liquid region below which
motions of different elements begin to diverge. It sheds light on the nature of the crossover temperature Tc proposed by mode coupling
theory. Also, hopping was shown to persist below Tg. The electronic states of various metallic glasses were studied by NMR including
CuZrAl, Ce-based, and Y-based alloys. Results established some correlation between the glass forming ability and the characteristics of
electronic states. This sheds light on the structure and formation of metallic glasses. Finally, we studied the fracture surfaces of various bulk
metallic glasses including the brittle Mg-based bulk metallic glass. We established a clear correlation between the fracture toughness and
plastic process zone size for various glasses. The results indicate that the fracture in brittle metallic glassy materials might also proceed
through the local softening mechanism but at different length scales.
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Although significant progress has been made in the study of bulk metallic glasses
(BMG), our understanding remains limited on the glass forming ability (GFA) and mechanical
properties based on microscopic structures, chemical bonding, and dynamics. There are many
difficulties in studying microscopic properties of BMGs because of the inaccessibility of the
metallic state by many conventional techniques such as optical and dielectric measurements
widely used in studying other types of glassy materials such as polymers. In this study, we
showed that nuclear magnetic resonance (NMR) is a very useful technique that is able to probe
various microscopic properties of metallic glasses and supercooled liquids including atomic
motions, local structures, and characteristics of chemical bonding. In addition to the
understanding of GFA and mechanical properties, such study also sheds light on the fundamental
question of the nature of glass transition.

Statement of the problem studied

Here are some of the specific issues we have addressed. (1) The rate of thermal
fluctuations on microscopic scale and its temperature dependence determine the properties of
liquid/supercooled liquid and the corresponding glass transition. Macroscopic properties are
related to the behavior of microscopic thermal fluctuations. For instance, the viscosity 77 and the

relaxation time z of microscopic thermal fluctuation are related to each other as described by the
mechanical Maxwell equation, 7=G,7, where G, is the high-frequency shear modulus.

Among various theories, mode-coupling theory (MCT) predicts a qualitative change in the
microscopic dynamics in the supercooled liquid at a crossover temperature T, significantly above
the glass transition temperature Tq. One of our focuses is to detect T, and characterize the
microscopic thermal fluctuations and dynamics in metallic supercooled liquids. (2) We
investigated the characteristics of crystallization processes in some metallic glasses. Again, we
demonstrated that NMR is very sensitive in detecting local structural changes and crystallization
including in Al-based metallic glasses. Such investigations shed light on the crystallization
mechanisms of metallic glasses and the GFA of metallic alloys. (3) We investigated the
characteristics of the electronic states of various metallic glasses by NMR. Some common
features of electronic states were identified in a series of BMGs including CuZrAl, Zr-based, and
Y-based BMGs. Such common features could be directly linked to the superb GFA of these
BMGs. (4) We studied the fracture surfaces of various bulk metallic glasses including the brittle
Mg-based bulk metallic glass. We established a clear correlation between the fracture toughness
and plastic process zone size for various glasses. The results indicate that the fracture in brittle
metallic glassy materials might also proceed through the local softening mechanism but at
different length scales.

Summary of the most important results

1. Detection of Atomic Fluctuation and Relaxation in Metallic Supercooled Liquids

Fast g relaxation In a liquid of densely packed atoms, an atom is temporarily trapped inside
the cage formed by neighboring atoms and undergoes vibrations and rattling before escaping the
cage. Here, the time dependence of the position vector T, (t) of a given atom i can be described

by T (t) = ﬁi (t)+U, (t) where the rapidly changing G, (t) describes local motions and the slowly
varying R, (t) describes the transition of the atom from one cage to another. A key distinction
between the motions associated ﬁi(t) and U (t) is the temperature dependence of the

characteristic times. While R (t) slows down rapidly upon cooling, the rate of G (t) does not
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change much with temperature but its amplitude changes rapidly around T, according to MCT.
We have designed NMR experiments to measure both aspects of atomic motions.

MCT predicts that¢ (q,t), the correlation function of density fluctuations with wave
number g, undergoes a two-step relaxation process, called fast B-relaxation and a-relaxation. An
important prediction of MCT is the temperature (T) dependence of U, associated with the fast (3-

relaxation (possibly rattling). MCT predicts that

<u’ >=uf(l—%a1/(l'c—T)/TCj 1)

below T, where a>0 and u is the magnitude of rattling above T.. Experimentally, the separation
between the timescales of o and fast B relaxations in the temperature range of interest is often
insufficient for model-independent determination of G, by neutron scattering. So far,
measurements of the effects of U, have not revealed the critical behavior of U, in metallic
supercooled liquids. We designed an NMR approach to measure 4, since we proved that the
average Knight shift is proportional to<u® >. Therefore, the temperature dependence of the
Knight shift could reveal the critical behavior of dynamics predicted by MCT. Furthermore,

NMR can also be used to measure the effect of ﬁi (t) (diffusion) such as the temperature

dependence of the linewidth. These measurements confirm that there is indeed a critical behavior
in dynamics in the supercooled liquid region. Figure 1 shows the temperature dependence of the
31p Knight shift and the linewidth in PANiCuP. The T-dependence of the shift below 580 K (T)
is linear suggesting that <G?” >oc kT in the glassy state, as expected from equipartition
theorem for harmonic vibrations. It is expected that K will depend more sensitively on T above
Tg in the supercooled liquid region since sound velocities and elastic moduli in metallic glasses
decrease above T4. The observed linear T-dependence of K with a larger slope above 700 K
indeed agrees
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Figure 1. The average shift K measured versus T in the liquid,
supercooled liquid, and glassy states (circle) as well as that of the
crystallized sample (triangle). The T-dependence of the P spectral
linewidth (full width at half height) is also shown (square).



with this expectation. However, this could not explain the observed large positive offset of K
from T, to the extrapolated value based on the data above 700 K (see Fig. 1). We showed that
this offset indicates that some U, (t) -associated atomic motion present in the liquid-like region
decreases rapidly upon cooling below 700 K. A candidate of such atomic motion is the fast -
process associated with cage rattling. Since NMR is a local probe, it is particularly sensitive to
such atomic motion. A fit of K is shown in Fig. 1 using with T, =660+£10 K assuming the shift

is proportional to <u? > over the entire temperature range. This by no means implies that the
change is abrupt at 660 K. The change might be gradual below 700 K and the effective T, might
be as high as 700 K. The detail is obscured by the lack of K data in that temperature range due to
fast crystallization. This is a direct demonstration of the existence of the crossover process in
metallic supercooled liquids.

The a-relaxation ~ The observed temperature dependence of the *'P linewidth provides a
measure of the timescale of o relaxation related to the motion of ﬁi @) inr(t) = ﬁi (t)+a; ().

Since the static linewidth is of the order of 100 kHz, atomic diffusion on the timescale of 1 ps is
needed to substantially reduce the line broadening. Simulations were done to extract the exact

rate of motion associated with ﬁi(t) versus temperature. This technique, however, is not

sensitive for probing rate of motions much faster than a few MHz as expected in the liquid and
supercooled liquid states near the melting point. For this purpose, we used ®Cu and ®*Cu NMR
to study the rate of a-relaxation from above the liquidus temperature down to 800 K and below.
We showed that the ®*Cu NMR linewidth in liquid PANiCuP is determined by the spin-lattice
relaxation rate induced by thermal fluctuations of the electric-field-gradient (EFG). It is known
that

_3(2143) (eQY . _ 3(21+3)  (eQ}, )
AV_M(7J I<sz(0) sz(t)>dt—m<(7‘vo D > T (2)

2
where <‘Vo(2)‘ > is the thermally average-squared EFG and | is the spin number which is 3/2

for ®Cu. 7. is the correlation time of the EFG. The correlation of EFG decays if the Cu atom

moves to a different cage (illustrated in Fig. 2) or if the shape or orientation of the cage changes
significantly, for instance, by having a new nearest neighbor to the Cu atom or by distortion. In

all these scenarios, the correlation time 7¢ describes the time during which the cage around Cu

remains rigid (other than vibrations). The time 7 is clearly related to the a-relaxation and
viscosity since the change of cage shape and orientation is required for viscous flow.
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Figure 2. An illustration of the cage. Figure 3. ®Cu spectra in the supercooled liquid.



Figure 3 shows the ®Cu NMR spectra in Pds3sNiioCuy7Pa near Tii;=870 K. It is quite clear that
the sensitive range of ®*Cu linewidth falls at the right temperature range of our interest, namely,
near and below Tji. Both ®*Cu and ®*Cu NMR can be used for this study. The slight differences
in the Larmor frequency and quadrupole moment between these two nuclei allow us to have an
independent check of data interpretations. Figure 4 shows the measured temperature dependence
of the linewidth over a wide temperature range. Over this temperature range, the Knight shift of
both *'P and ®Cu and ®°Cu change linearly with temperature as shown in the inset of Fig. 4. In
contrast, the correlation time 7, increases dramatically upon decreasing temperature. Figure 5

plots the quantity (Av)fw (Av is the linewidth) versus temperature where y =2.9 is chosen.

We see quite good linear temperature dependence below 900 K with an intercept at 700 K. This
implies that

-1/ =1/y T-T
TC v oC (AV) oC (ch (2)

with T, =700 K and y» =2.9. This result is quite consistent with the prediction of the MCT,
neutron scattering studies, and our previous result of rattling motion.
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Figure 4. T-dependence of *Cu and *Cu Figure 5. (Av)™ s plotted versus T
linewidth. The T-dependence of the Knight .
shift is shown in the inset. wherey =2.9 is chosen.

Based on these measurements and our previous data on the rate of P atomic motions, as
determined from the motional narrowing of 3P linewidth and stimulated echo techniques, we
obtained a rather complete picture of atomic motions in PdNiCuP. This is shown in Figure 6.
Comparing to results of previous diffusion measurements, it is clearly demonstrated that atomic
motions of different elements in PANICuP are all very similar above T.. Below T, motions of
larger elements slow down much faster than the smaller element P. T, is clearly the temperature
below which atomic motions become more solid-like whereas above T it is liquid-like.



sl

Jump rate
=
o

stimulated echo
%P |ine shape

®*cu *®*cu Quadrupole relaxation
QNS
Co diffusion

08091011121314151.61.71.81.9
1000/T

[N
o
o
ul

vV PV &1

PRTTTY EERTTT EERTTT™ EERTTTT ERTTT RERTIT EETTTT RERTTT AT |

Figure 6. Atomic jump rate determined by various NMR methods.
For comparison, the neutron and diffusion data are also shown.

2. Detection of quenched-in nuclei in Alg;Smg metallic glasses

In addition to BMGs, we studied Al-based metallic glasses because of their potential
applications as lightweight materials. We focused on the study of binary metallic glass Alg,Smg
in collaboration with Prof. Perepezko’s group. Figure 7 shows the >’Al NMR spectra of Alg,Smg
metallic glasses. Based on the XRD and TEM analysis, the two melt-spun Alg;Smg samples are
expected to be completely amorphous. The ?’Al spectra of the two glassy samples show that
there is a sharp peak at 1600 ppm shift in both samples. This peak becomes much bigger upon
annealing. Comparing this peak with that of the pure aluminum shows that the environment
associated with this sharp feature is nearly identical to that of fcc Al environment. We have done
detailed analysis of this environment through determination of the residual electric field gradient
at such site. It becomes clear that quenched-in fcc-like Al nuclei exist in Alg,Smg glassy samples.
The amount of this depends sensitively on quenching conditions but so far none of the conditions
are sufficient to eliminate such quenched-in nuclei. Less than 1 at% of Al in such quenched-in
nuclei can be detected by NMR. This observation might be very relevant to the understanding of
the glass forming ability of Al-based metallic glasses. Therefore, NMR will be a very valuable
tool in developing Al-based metallic glasses that are important for the development of
lightweight vehicles.
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Figure 7. %Al spectra of Alg;Smg metallic glass sample 1 (slower quenching rate), sample 2
(faster quenching rate), and sample 2 annealed at 130°C. The spectrum of pure aluminum is also
shown.

3. Characterization of chemical bonding

Figure 8 shows 2’Al spectra of three types of BMGs. The Ce-based BMGs are discovered
recently. It has a very low Tjiq of 714 K and T4 of 359 K. Glassy rod samples of 3 mm in
diameter can be produced with this material. The recently discovered Y35Sc20Al24Ni;0C010 BMG
has an extremely high GFA. Glassy rod samples of 2 cm in diameter can be produced with this
material. The recently discovered Cu-Zr-Al system is also quite intriguing. BMGs can be
produced with the corresponding binary system of Cu-Zr whereas addition of a small amount of
Y can improve the GFA of the Cu-Zr-Al system dramatically. We noticed several intriguing
features in the %’Al spectra in Fig. 8. The shifts of the peaks are very unusual for all these BMGs
especially for Y35SC20Al24Ni10C010, CugsZrasAlyg, and CugzZrs7Alg. The shift is extremely small
in all these three systems, especially in CussZrssAlig and CugzZrszAls. What does this imply? In
metallic systems the dominant shift mechanism is the Knight shift. The main contribution
(especially for aluminum) K, originates from the Fermi contact hyperfine interaction and can be

expressed as
< =167

3 7 <|l//(0)|2>EF Qg(E) ()

where <|y/(0)|2> is the density of the electron wave function at the nucleus (only s-wave
=

character is non-zero at the nucleus) averaged over all states at the Fermi level Ef and is
normalized over an arbitrarily chosen volume Q. g(E;) is the density of states per unit volume
at the Fermi level. A small shift means that the density of states at the Fermi level has very small
s character at the Al sites. This is unexpected for a metallic system. The shift in pure aluminum
metal is around 1600 ppm. Subtracting the chemical shift contribution, which can be up to 200
ppm, the contribution of the Knight shift to the overall shift is less than 200 ppm in
Y 36SC20Al24Ni10C010, CugsZrssAlyg, and CugzZrs7Als. This indicates that the chemical bonding at
the Al sites has strong covalent character. The Fermi contact hyperfine interaction also
contributes to the nuclear spin-lattice relaxation rate 1/T; given by

-1 64 3 2,2
T = (v o)) ot EkeT @
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where 7. and y, are the electron and nucleus gyromagnetic ratios. We measured 1/T; and it is

consistent with the conclusion that the density of states at the Fermi level is very low in
Y 365C20Al24Ni1gC010, CssZrasAlig, and CusrZrazAl. Figure 9 shows the ®°Cu NMR spectra of
Ce7oAl1pCuyoNizg, CerpAl1gCuzg, CugsZrasAlyg, and CugzZrs7Ale BMGs. The Knight shifts of 65Cu
in CugsZrssAlig and CugrZrg;Alg are 1300 and 1100 ppm, respectively, significantly smaller than
that of pure copper at 2300 ppm. However, a shift of over 1000 ppm still represents a strong
metallic character unlike that at the Al sites. We also noticed that increasing the Al content from
6 to 10 at% (not much effect below 6 at%) increases the ®°Cu Knight shift (thus the density of
states at Cu sites) notably (Fig. 9) although the shift of Al peak decreases very slightly at the
same time (Fig. 8). This might explain the decrease of GFA when the Al content goes from 6 to
10 at%. This result suggests that a balance has to be observed in the process of optimizing the
GFA. Adding Al to CuZr introduces covalent bonding which favors chemical short-range order
and obviously improved the GFA over that of CuZr. However, too much Al could also lead to
unfavorable effect, namely, increasing the density of states at the Fermi level at the Cu sites thus

increasing the electronic energy.
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Figure 8. RT #’Al spectra at 9.4 Tesla. Figure 9. RT ®Cu spectraat 9.4 T.

Our NMR results have revealed a wide range of properties of metallic glasses and
supercooled liquids. We have also done systematic studies of fractures as described in detail in
our Phys. Rev. Lett. paper. These studies have significantly increased our understanding of
metallic glasses and glass transition at microscopic level. It should provide important
information for the further development of bulk metallic glasses. It opens the door, for instance,
for investigating the micro-alloying effect in many alloys where GFA was enhanced dramatically
micro-alloying.
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